The smelting reduction of high Al2O3 ores with petroleum coke containing various slags was investigated in the temperature range of 1 673 to 1 773 K with a special focus on the effect of slag composition on the desulfurization and dephosphorization of iron nugget. The efficient smelting reduction of the carbon composite agglomerate (CCA) would greatly be affected by the mineralogy of iron ore, coal and additives used in the preparation of CCA although the design of final slag composition is important for the ultimate separation of metal and slag. The separation of metal and slag in the reduction progress was retarded due to the delayed melting of CCA with high basicity slag of low SiO2 content. The content of sulfur in iron nugget decreased to about 0.07 mass% by incorporating high basicity slag to CCA at the temperatures above 1 723 K, which is compatible with the minimum sulfur content in iron of the conventional ITmk3 process (0.05-0.07 mass%). About 80-90% of phosphorus in CCA was eliminated using high basicity slag (CaO-Al2O3) at 1 723 K, which is believed to be much better dephosphorization efficiency compared with the conventional process.
Introduction
Due to the depletion of high grade lump iron ores in the world, great efforts have been made to utilize low grade iron ores such as ore fines, magnetite ores and high Al2O3 ores. In particular, high Al2O3 iron ores cause several critical problems in the blast furnace (BF) operation. 1, 2) The proportion of direct reduced iron (DRI) used in electric arc furnace (EAF) operation has been increasing because high quality and low-residual scrap, which had traditionally been used in EAFs to produce high quality steel, is in shortage.
3) The gasbased direct reduction (DR) processes such as MIDREX or HYL III are becoming more and more competitive due to low price of shale gas. Nevertheless, coal-based DRI processes such as rotary kiln or rotary hearth furnace (RHF) are still receiving great attention for producing flat products of steel using virgin iron. 4) However, extensive understanding of DRI production technology using high Al2O3 ores is limited in direct reduction ironmaking processes.
The slag composition in direct smelting reduction process is not so demanding compared with that of BF process. In this respect, the smelting reduction of carbon composite agglomerate (CCA) containing high basicity slag in terms of RHF was proposed to utilize high Al2O3 ores in the previous study.
5 ) The volume of high basicity slag could be decreased compared with that of relatively high SiO2 slag, and high desulfurization capacity could also be achieved. In examining the feasibility of using CCA containing high basicity slag, the effect of CaO-Al2O3 slag of high basicity on the reduction of CCA and separation of metal and slag were previously investigated. 5, 6) It is generally understood that the molten slag of high basicity is beneficial for both desulfurization and dephosphorization. 7) Therefore, high basicity slag can be utilized in the direct smelting reduction of CCA such as ITmk3 or Hi-QIP process to decrease the content of sulfur and phosphorus contained in the final iron nugget product. In order to confirm the feasibility, the reduction experiments of CCA containing high basicity slag were carried out in the temperature range of 1 673 to 1 773 K. Accordingly, the addition of various slag systems to CCA comprised of high Al2O3 ores and coke might have significant influence on the separation of metal and slag. Furthermore, by measuring the content of sulfur and phosphorus in the separated iron nugget and slag after the experiments were completed, the effect of slag composition on the desulfurization and dephosphorization of iron nugget was clarified.
Experimental

Materials Preparation
The experiments used the limonitic laterite iron ores con- Tables 1 and 2 , respectively. Both ore and coke were sieved to be in the range of 100-150 μm.
As shown in Table 2 , the petroleum coke contains negligible amount of ash while its sulfur content is very high up to 5.7 mass%. To decrease its melting temperature as low as possible by high basicity slag (Slag D in Fig. 1) , some additives such as CaO and SiO2 were required. General coke contains ash component and its ash contains quite large amount of SiO2. Since SiO2 content in Slag D of high basicity is very low (about 6 mass%), coke addition of high SiO2 requires huge amount of CaO (or Al2O3) additives to achieve Slag D as a final slag composition after CCA reduction is finished. In this respect, coke of low ash could facilitate the great decrease in the final slag volume. In the conventional slag composition such as Slag A and Slag B in Fig. 1 , the sulfur content of coal might be a critical problem since S in coal increases that in separated iron, but high desulfurization ability of CaO-Al2O3-based Slag D would compensate such effect.
Experimental Procedure
Based on the gangue composition of the high Al2O3 ores and the mixing ratio of ore to coke, four different slag systems were designed by adding CaO, Al2O3 or SiO2 to obtain Slag A, Slag B, Slag C and Slag D for the final slag compositions after the reaction was finished as shown in Fig. 1 . Mixing ratio of each sample is represented in Table 3 . Melting behavior of each slag predicted by FactSage was shown in Fig. 2. 8) Slag C and Slag D have relatively higher melting temperatures than the others. The molar ratio of carbon to oxygen (C/O) was fixed to be unity in all the CCAs. About 5 g of pressed CCA was placed into a graphite crucible (20 mm ID × 25 mm OD × 50 mm height) and reacted in the temperature range of 1 673 to 1 773 K in atmospheric condition. Then the crucible was quickly put into to a muffle furnace for the isothermal reaction and quickly taken out from the furnace after reaction. High purity Ar gas was blown onto the sample to minimize any reaction during cooling. Reaction time was varied from 5 to 20 min. After reaction, the metal and slag were separated and supplied for the chemical analyses of the iron nugget. The carbon and sulfur were analyzed by LECO combustion method, and phosphorus was quantified by inductively coupled plasmaatomic emission spectroscopy (ICP-AES). In addition, the Figure 3 shows the reacted samples with various slag systems as a function of temperature. It is clearly indicated that the introduction of low melting slag systems (CCA_Slag A-CCA_Slag D) clearly promoted the separation of metal and slag while CCA_no Slag showed very poor separation behavior even at 1 773 K. Among them, CCA_Slag C and CCA_Slag D showed relatively poor separation at 1 673 K than the others. As discussed in the previous study, 6) it is more difficult to develop the direct carburization and melting of solid iron (Fe) in the case of CaOAl2O3-based slag of high melting temperature compared with CaO-SiO2-based slag. In Fig. 4 , it can be known that the carburization degrees of reduced iron (Fe) in CCA_Slag C and CCA_Slag D are relatively low and are not enough to form Fe-C melt at 1 673 K. Therefore, the current results show that the slag melting temperatures could be nicely correlated with the carburization of iron followed by the separation of metal and slag as discussed in the previous study. 6) Nevertheless, the separation temperature of CCA comprised of ore and coke is higher than that of Fe-C-slag system. 6) This is because the slag in Fe-C-slag system does not include FeO that should appear in the reduction progress of CCA containing the slag systems being considered in the present study. As demonstrated in the previous works, 6, 9) the surface tension of the liquid slag initially formed in CCA would exert attraction force on Fe and carbon in a way that Fe can quickly be carburized in close touch with carbon, which results in the formation of liquid Fe-C melt. Therefore, it is required to extensively compare the melting temperatures, viscosities and surface tensions of CaO-SiO2-and CaO-Al2O3-based slags. As shown in Table 4 , since the slag of low viscosity and high surface tension would exert higher attraction force between the particles of Fe and carbon, it might be expected that CaO-Al2O3-based slag would play more conclusive role in making Fe and carbon contact each other. However, since CaO-SiO2-based slags actually showed better separation of metal and slag, it is believed that the initial melting temperatures of Slag A, Slag B and Slag C could further be decreased due to the formation of intermediate phase, fayalite (2FeO·SiO2) whose melting point is about 1 210°C. 10) Therefore, it could be considered that the melting temperature of a slag might be the dominating factor affecting the separation of metal and slag in the reduction of CCA compared with other physical properties of the slag, i.e. viscosity, surface tension, etc.
In order to clarify the effect of FeO produced in the reduction progress of CCA (ore and coke) on the separation of metal and slag, the reaction time was changed from 5 to 20 min. Figure 5 shows the images of the reacted samples containing various slag systems with reaction time at 1 723 K. CCA_Slag D clearly showed the insufficient melting of slag and poor separation of metal and slag until 10 min. As shown in Fig. 6 , FeO content continued to decrease with reaction time in all the cases. In general, the melting temperature of slag decreases with increasing FeO content. 11) Furthermore, the viscosity predicted by FactSage calculation module 8) in Fig. 7 indicates that the decrease in FeO content increases the viscosity in the current slag system, which is in good agreement with the experimental data shown in literature. 11) Although taking the positive effects of low melting temperature and low viscosities of slags on the Intermediate phases estimated in reduction progress 2FeO·SiO2 CaO·Fe2O3 - smooth separation of metal and slag into account, the rapid decrease and low content of FeO might not be the only dominant factor affecting the poor separation of metal and slag in CCA containing high basicity slag. As shown in Fig. 7 , due to the formation of fayalite (2FeO·SiO2), the decrease in FeO content of Slag A and Slag C has more influence on the increase in their melting temperature, which results in the increase of their viscosities compared with the cases of Slag B and Slag D. In addition, since the activities of CaO in CaO-Al2O3-based slag (Slag D) are higher than those in CaO-SiO2-based slags (Slag A, Slag B and Slag C), 11) CaO in Slag D would favorably combine with FeO, the intermediate oxide in the reduction progress of iron oxide which would also participate in the reaction to form dicalcium ferrite as follows: 10) ... (1) This would rapidly increase the reducibility of the ore in CCA, which affects the reduction of CCA_Slag D in such a way that Slag D retains high melting temperature and high viscosities. Accordingly, Slag D would make less contribution to the carburization of reduced Fe in the reduction of CCA, which results in the poor separation of metal and slag.
Furthermore, it is believed that such poor separation in CCA_Slag D might be ascribed to inhomogeneous melting of slag resulted from high melting temperature of Slag D. The XRD patterns of the slags separated in the reduction of CCA_Slag A represent no remarkable change in the major peaks with changing reaction time as shown in Fig. 8(a) . On the other hand, XRD patterns of the slags separated during the reduction of CCA_Slag D shown in Fig. 8(b) indicated the drastic change in between the major peaks measured at 5/10 min and those at 15/20 min. Unlike the pre-melted slag dealt with in the previous study, 6) the gangue constituents of the ore are inhomogeneously distributed through CCA. These gangue components should be in close contact to form the final slag of low melting temperature. In the case of CaO-SiO2-based slags, the slag of low liquidus temperature evolved from fayalite (2FeO·SiO2) might facilitate the further increase in the amount of molten slag due to the high fluidity of initial molten slag. However, in the case of CCA_Slag D containing negligible amount of SiO2, it is believed that the homogeneous melting of slag was not sufficiently carried out compared with CCA_Slag A and CCA_Slag B containing higher SiO2. Actually, the decrease of SiO2 content in slag increased the time required for the separation of metal and slag as shown in Fig. 9 . This clearly indicates that the efficient smelting reduction of CCA would greatly be affected by the mineralogy of iron ore, coal and additives used in the preparation of CCA although the design of final slag composition is important for the ultimate separation of metal and slag.
Behavior of Sulfur in the Smelting Reduction
Process The effects of temperature and reaction time on the content of sulfur in separated iron is shown in Fig. 10 . At the temperatures above 1 723 K, the content of sulfur decreased to about 0.07 mass% by incorporating high basicity slag to CCA. The minimum content of sulfur in the iron produced by the conventional ITmk3 process was reported to be 0.05-0.07 mass% when using conventional ore and coal. 12) For instance, in case CCA comprised of hematite (0.012 mass% S) and coal (0.59 mass% S) was heated to 1 573 K for 30 min in N2 atmosphere to produce DRI, and the produced DRI was desulfurized by 30 vol%H2/N2 atmosphere at 1 473 K for 0-30 min, metallic iron was found to contain 0.081-0.134 mass% of sulfur. 13) Considering that more than 100 and 10 times higher sulfur in laterite ore and petroleum coke, respectively, are contained in this study compared with that in the research reported by Inaba and Kimura, 13) it is very surprising that the lower content of sulfur in iron nugget by about 0.01 mass% was achieved by CCA with high basicity slag in the current study. This is because the activity of CaO in CaO-Al2O3-based slag is relatively high.
In the cases of Slag A, Slag B and Slag C, it was found that the changing tendency in the experimental sulfur partition ratio with temperature and reaction time is in good accordance with the calculated sulfide capacity of slags as shown in Fig. 11 . The sulfide capacity of slags was calculated by FactSage equilibrium module. 8) Richardson and Fincham 14) expressed the desulfurization reaction between gas and slag in the oxygen partial pressure lower than 10
atm by Reaction (2), and defined the sulfide capacity, by Eq. (4) nents which have greater affinity for sulfur, such as MnO. The sulfide capacity has been widely used to compare the desulfurizing capacity of metallurgical slags as functions of temperature and slag composition only irrespective of oxygen partial pressure. In addition, the sulfide capacity can be correlated with sulfur distribution ratio between slag and metal by combining Eqs. (2), (5) and (6) ........... (8) where fS is the activity coefficient of S in Fe, aO is the activity of O in Fe, and K (2) is the equilibrium constant of Reaction (2) . Although Slag D of high basicity showed some deviation due to the inhomogeneous melting of slag, both estimated sulfide capacity and experimentally measured sulfur partition ratio indicated that the desulfurizing ability of CCA with high basicity slag is still very high.
Another important factor for a slag to be a good desulfurizer is its solubility for sulfide. Since the reciprocal of solubility gives the activity coefficient of sulfide ( ) as shown in Eq. (4), a larger solubility leads to a larger value for . Besides this effect, the solubility directly affects the amount of slag required for the desired degree of desulfurization. According to Uo et al., 15) the solubility of CaS for the CaO-SiO2-CaF2 system showed the maximum values when approaching the composition doubly saturated with CaO and 3CaO·SiO2. As shown in Fig. 11 , the desulfurization degrees in the reduction of CCA_Slag C and CCA_Slag D were greater compared with CCA_Slag A and CCA_Slag B. This is because the activities of CaO in CaOAl2O3-based slag (Slag D) are higher than those in CaOSiO2-based slags (Slag A, Slag B and Slag C).
11) From this viewpoint, it can be suggested that CCA_Slag D of higher desulfurizing capacity could be used for the smelting reduction of CCA if some additives could be used to decrease the melting temperature of Slag D.
Behavior of Phosphorus (P) in the Smelting Reduc-
tion Process Effects of temperature and reaction time on the content of phosphorus in separated iron is shown in Fig. 12 . Compared with phosphorus content in conventional Itmk3 process (about 0.43 mass%), 16) CCA_Slag B and CCA_Slag D showed relatively lower content of phosphorus where 80-90% of P was decreased by using Slag B and Slag D (high Al2O3 slag) at 1 723 K. As is similar to the treatment relating the sulfide capacity, based on the dephosphorization reaction between gas and slag by Reaction (9), the phosphate capacity can be calculated by Eq. (11): .......... (9) .. (10) ........ (11) where and are the activities of PO4 3− and O in slag, respectively, and and (mass%PO4 3− ) are the activity coefficient and concentration of PO4 3− in slag, respectively. K(9) is the equilibrium constant of Reaction (9) . In addition, with the help of Eq. (12), the phosphorus reaction between slag and metal can be expressed by Eq. (13), which allows to represent the phosphorus partition ratio by Eq. (14) ..... (14) where fP is the activity coefficient of P in Fe, aO is the activity of O in Fe, and K(13) is the equilibrium constant of Reaction (13) .
The calculation of is similar to that of , but there was some deviation from the behavior of phosphorus in the current system. Possible explanations on such mismatch between calculated and experimental LP are two folds. Firstly, phosphide can be formed in the progress of reaction. Although the slags contain some amount of FeO, the oxygen potential in gas atmosphere is expected to be much lower than the oxygen partial pressure determined by FeO/Fe equilibrium due to the carbon rich in coke and graphite crucible. In the dephosphorization reaction between slag and metal, phosphide can also be formed when is low. Critical oxygen potential for the stability of phosphide and phosphate varies with slag composition and temperature, but it is generally much lower than the oxygen potential by FeO/Fe equilibrium. It can be estimated that the oxygen partial pressure lower than 10 −11 atm is good enough for the formation of Fe above 1 673 K. 17) For instance, Momokawa and Sano 18) reported that 10 −18 atm is the critical value for CaO-Al2O3 melt at 1 823 K, and Eiji and Moro-Oka 19) similarly estimated 10 −18.4 atm to be the critical oxygen potential for CaO-SiO2-MnO-CaF2 slag at 1 573 K. 19) In general, it is difficult to expect the existence of phosphide together with FeO in slag. Nevertheless, carbonsaturated melt can exist together with FeO-containing slag in the current condition. Therefore, phosphide can locally exist at the FeO-depleted region of slag in contact with carbon-saturated iron. Once the phosphorus in metal is transferred to slag, phosphide can immediately be changed to phosphate due to high oxygen potential of the slag. From the standard free energies of formation for metal phosphides, the tendency to form phosphides decreases in the order as follows: 20) .... (15) Maramba and Eric 21) previously reported the improved dephosphorization of Fe alloy by CaO in reducing atmosphere. Since Slag B and Slag D have relatively high amount of CaO than the others, it is reasonable to observe high dephosphorization degrees by Slag B and Slag D as shown in Fig. 12 if phosphide formation is one of the factors governing the behavior of phosphorus in the current system. Nevertheless, since the coexisting FeO in the current system is not truly in equilibrium with carbon-saturated Fe melt, it is not possible to quantitatively explain the formation of phosphide and phosphate at the present stage. In addition, the mismatch between calculated and experimental LP might be ascribed to the vaporization of phosphorus from the metallic Fe. All the cases showed that the sulfur removed in terms of gaseous product corresponds to about 60-70% of total sulfur input. Nevertheless, only 10-20% of phosphorus was lost by gaseous products, which indicates that gaseous phosphorus, i.e. P2 can be dissolved into the iron nugget quickly. The formation of Fe3P by gaseous phosphorus producst was well studied by Sasabe et al. 22) and Matinde et al. 23) In such a case, the phosphate capacity itself cannot explain the behavior of phosphorus since the reaction between slag and metal is not the only route for the partitioning of phosphorus. The partitioning mechanism of phosphorus between slag and metallic Fe produced in the reduction progress of CCA should further be investigated in future work.
Conclusions
The current lab scale tests investigated the direct smelting reduction of CCA containing high basicity slag for the production of iron nugget. From the results, the following conclusions were obtained:
(1) Iron nugget was successfully produced by direct smelting reduction of CCA comprised of high Al2O3 ore and petroleum coke of high S and no ash, which was homogeneously mixed with high basicity slag at 1 723 K.
(2) The smelting reduction of CCA with high basicity slag of low SiO2 content made slag melting slowed down, which results in the delayed separation of metal and slag. Nevertheless, the sulfur content in iron nugget produced using CCA with high basicity slag was much lower than those by other slag systems at the early stage.
(3) Due to the high sulfide capacity of high basicity slag, the sulfur content in iron nugget was lower than 0.1 mass%, which is a similar value obtained with conventionally operated method in spite of abnormally high sulfur content in the petroleum coke.
(4) About 80-90% of phosphorus was removed by using high basicity slag (CaO-Al2O3 slag) at 1 723 K, which is much better than the dephosphorization by the conventional process.
